In this work, we describe novel multi-component halogen bonded solids of Co(II) complexes and 1,4-diiodotetrafluorobenzene, 14tfib. We present the important influence of liquid on the outcome of liquid assisted grinding of dichlorobis(1,10-phenantroline)cobalt(II), CoCl 2 (phen) 2 and 14tfib. Grinding of solid reactants with a small amount of water gives the cocrystal product [CoCl 2 (phen) 2 ](14tfib) (1) while grinding with a small amount of methanol gives an ionic structure, the four-component solid [CoCl(MeOH)(phen) 2 ]Cl(14tfib)(MeOH) (2). Both solid products were also obtained by crystallization from the solution. Single crystal X-ray diffraction reveals that the dominant supramolecular interaction in 1 is the I···Cl halogen bond between 14tfib and CoCl 2 (phen) 2 building blocks. On the other hand, the dominant supramolecular interactions in 2 are I···Cl − charge-assisted halogen bonds between the halogen bond donor and the chloride anion as well as hydrogen bonds between the chloride anion and OH groups of coordinated and solvated methanol molecules.
Introduction
The study of multi-component materials, e.g., cocrystals and salts, has become one of the most attractive areas of research in the field of solid-state chemistry [1] . Effective synthesis of such materials utilizes appropriate molecular building blocks, either neutral or ionic, and supramolecular interactions which lead to reliable motifs of molecular assembly [2, 3] . Over the past two decades, halogen bond [4] has been recognized as a reliable crystal engineering tool [5] . It is an attractive interaction between a positively charged area of a covalently bound halogen atoms (Br, I) and Lewis bases (nucleophilic atoms such as O, N, S, etc.) [6, 7] . Typical halogen bonds are similar to hydrogen bonds in terms of both length and directionality [8, 9] . Their strength strongly depends on the surroundings to which the halogen atom is bonded and on acceptor atom basicity [10, 11] .
The use of halogen bonding in crystal engineering of metal-organic materials remains a persistent challenge pursued by several groups [12] [13] [14] [15] [16] . Several reports and reviews have been published dealing with halogen bonding in crystal engineering of single component metal-organic solids [12, 13] . In contrast, synthesis of multi-component metal-organic materials with halogen bond donors has received much less attention. In such materials, metal-organic building blocks can be employed in several different ways as halogen bond acceptors. Most reports have focused on the formation of ionic structures involving complexes of simple inorganic ligands (e.g., Cl − , CN − , etc.) [17] [18] [19] . On the other hand, much less explored systems, recently introduced, are neutral metal-organic cocrystals organic cocrystals where coordination compounds are building blocks which contain ligands with pendant halogen bond acceptors group [20] [21] [22] .
Herein, following previous studies on halogen-bonded cocrystal syntheses with neutral metalorganic electron donor units which contain simple inorganic ligands (Cl − ) [12, 17] , and to explore the halogen bonding proclivity of the chlorine atom coordinated to metal, we report the synthesis of multi-component solids derived from dichlorobis(1,10-phenantroline)cobalt(II), (CoCl2(phen)2), and a commonly used halogen bond donor, 1,4-diiodotetrafluorobenzene, (14tfib) (Figure 1 ). The complex CoCl2(phen)2 is stable in solution and can be easily prepared by reacting CoCl2(H2O)6 with two equivalents of phen in various solvents, e.g., methanol, ethanol, acetonitrile, etc. [23, 24] . Over the past several decades, phen has been used as a versatile reagent for analytical, inorganic and supramolecular chemistry, and numerous phen coordination compounds have been reported [25, 26] . A survey of the Cambridge Structural Database (CSD; version 5.38) [27] based on phen complexes with transition metals (MCl2(phen)n units) has resulted in 70 hits. Restraining the search further, to Co complexes, has resulted in 17 hits. Of those, 15 structures correspond to salts, solvates or hydrates of CoCl2(phen)2 and there are no entries corresponding to halogen bonded cocrystals. Furthermore, even though halogen atoms bonded to metal centers are potent as halogen bond acceptors, a survey based on the ability of any transition metal complexes, of the MXnLm type (X = halogen atom; L = any organic ligands) to act as a halogen bond acceptor with haloperfluorinated benzenes as halogen bond donors, via M-X···X halogen bond, has resulted in only five hits. As the complex CoCl2(phen)2 is less soluble in organic solvents than the selected halogen bond donor, our cocrystal synthesis was based on mechanochemical liquid-assisted grinding (LAG), grinding of solid reactants in the presence of a small (catalytic) amount of liquid [28, 29] . Throughout the last two decades, methods such as neat grinding (NG) and LAG have shown potential as efficient approaches for supramolecular and covalent synthesis applicable to a wide range of targets [30] , including organic molecules, functional organic solids, organometallics, metal-organic materials, as well as inorganic materials [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In addition, LAG has been established as a fast and efficient screening method for desired crystal forms of molecular materials: for example, cocrystals, salts, solvates and polymorphs [40] [41] [42] [43] .
In the work presented herein, we describe the important role of liquid on the outcome of synthesis of halogen-bonded metal-organic materials by LAG. Grinding solid reactants with a small amount of water gives a two-component solid, the cocrystal product [CoCl2(phen)2](14tfib) (compound 1), while grinding with a small amount of methanol gives a four-component ionic solid, As the complex CoCl 2 (phen) 2 is less soluble in organic solvents than the selected halogen bond donor, our cocrystal synthesis was based on mechanochemical liquid-assisted grinding (LAG), grinding of solid reactants in the presence of a small (catalytic) amount of liquid [28, 29] . Throughout the last two decades, methods such as neat grinding (NG) and LAG have shown potential as efficient approaches for supramolecular and covalent synthesis applicable to a wide range of targets [30] , including organic molecules, functional organic solids, organometallics, metal-organic materials, as well as inorganic materials [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In addition, LAG has been established as a fast and efficient screening method for desired crystal forms of molecular materials: for example, cocrystals, salts, solvates and polymorphs [40] [41] [42] [43] .
In the work presented herein, we describe the important role of liquid on the outcome of synthesis of halogen-bonded metal-organic materials by LAG. Grinding solid reactants with a small amount of water gives a two-component solid, the cocrystal product [CoCl 2 (phen) 2 ](14tfib) (compound 1), while grinding with a small amount of methanol gives a four-component ionic solid, the salt of cocrystal solvate [CoCl(MeOH)(phen) 2 ]Cl(14tfib)(MeOH) (compound 2) (Figure 1 ). Both solid products were also obtained by crystallization from the solution and characterized by single crystal X-ray diffraction. To the best of our knowledge, we report the first known cocrystal of neutral CoCl 2 (phen) 2 building block with a I···Cl-M halogen bond motif, as well as the first known ionic multi component solid of 14tfib containing a cobalt complex cation, with a I···Cl − charge-assisted halogen bond.
Results and Discussion

Syntheses
As the solid-state synthesis of halogen bonded cocrystals has been described in earlier studies [44] [45] [46] [47] , we have decided to attempt to synthesize the targeted cocrystals by LAG. All reactants and products have been characterized by means of powder X-ray diffraction (PXRD) (Figures S1 and S2) and thermogravimetry analysis (TGA). We first attempted grinding solid reactants, CoCl 2 (phen) 2 and 14tfib, in the 1:1 stoichiometric ratio and in the presence of a small amount of methanol. The PXRD pattern of the orange solid product obtained after 60 min grinding, was measured and compared with powder patterns of reactants, and has shown that the obtained solid was a new phase ( Figure 2 ). To observe the grinding experiment, as well as to produce single crystal suitable for X-ray diffraction experiment, we have performed the reaction from the methanol solution. Single crystal X-ray diffraction reveals that we obtained a methanol solvate of an ionic cocrystal, 2, which consists of CoCl(phen) 2 (MeOH) cation units, a chloride anion and 14tfib. PXRD pattern calculated from the obtained single crystal data was in good agreement with the diffraction pattern measured on the bulk material obtained by LAG ( Figure 2 ). Repeating the synthesis by LAG of solid reactants, also in the 1:1 stoichiometric ratio and in the presence of a small amount of water, we obtained a new phase, a red solid product, its PXRD pattern different from that of 2. Furthermore, through synthesis from a mixture of dichloromethane and ethanol, we obtained crystals of identical PXRD as that of the product obtained by LAG in the presence of water. Single crystal X-ray diffraction revealed that this time we obtained the cocrystal of CoCl 2 (phen) 2 and 14tfib, 1 ( Figure 2 (Figure 1 ). Both solid products were also obtained by crystallization from the solution and characterized by single crystal X-ray diffraction. To the best of our knowledge, we report the first known cocrystal of neutral CoCl2(phen)2 building block with a I···Cl-M halogen bond motif, as well as the first known ionic multi component solid of 14tfib containing a cobalt complex cation, with a I···Cl − charge-assisted halogen bond.
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Syntheses
As the solid-state synthesis of halogen bonded cocrystals has been described in earlier studies [44] [45] [46] [47] , we have decided to attempt to synthesize the targeted cocrystals by LAG. All reactants and products have been characterized by means of powder X-ray diffraction (PXRD) (Figures S1 and S2) and thermogravimetry analysis (TGA). We first attempted grinding solid reactants, CoCl2(phen)2 and 14tfib, in the 1:1 stoichiometric ratio and in the presence of a small amount of methanol. The PXRD pattern of the orange solid product obtained after 60 min grinding, was measured and compared with powder patterns of reactants, and has shown that the obtained solid was a new phase ( Figure 2 ). To observe the grinding experiment, as well as to produce single crystal suitable for X-ray diffraction experiment, we have performed the reaction from the methanol solution. Single crystal Xray diffraction reveals that we obtained a methanol solvate of an ionic cocrystal, 2, which consists of CoCl(phen)2(MeOH) cation units, a chloride anion and 14tfib. PXRD pattern calculated from the obtained single crystal data was in good agreement with the diffraction pattern measured on the bulk material obtained by LAG (Figure 2 ). Repeating the synthesis by LAG of solid reactants, also in the 1:1 stoichiometric ratio and in the presence of a small amount of water, we obtained a new phase, a red solid product, its PXRD pattern different from that of 2. Furthermore, through synthesis from a mixture of dichloromethane and ethanol, we obtained crystals of identical PXRD as that of the product obtained by LAG in the presence of water. Single crystal X-ray diffraction revealed that this time we obtained the cocrystal of CoCl2(phen)2 and 14tfib, 1 (Figure 2) . TGA experiments show remarkably different thermal properties of the two prepared compounds (Figure 3) . The TGA curve of 1 presents no obvious weight loss from 25 to 185 °C. In the range between 185 °C and 264 °C, a mass loss of 37% can be attributed to decomposition of the cocrystal. On the other hand, the TGA curve of 2 shows the start of decomposition at 123 °C TGA experiments show remarkably different thermal properties of the two prepared compounds (Figure 3) . The TGA curve of 1 presents no obvious weight loss from 25 to 185 • C. In the range between 185 • C and 264 • C, a mass loss of 37% can be attributed to decomposition of the cocrystal. On the other hand, the TGA curve of 2 shows the start of decomposition at 123 • C (Figure 3 ). In the range between 123 • C and 178 • C, a mass loss of 7.8% can be attributed to decomposition of the complex due to the loss of methanol, both coordinated and solvated (calc. 6.7%). The second step is the same as for 1 and starts at 185 • C with a weight loss of 37% up to 185 • C. Annealing of 2 at 179 • C for 1 min promoted the formation of a red powder. Its PXRD pattern matched with that of 1 (see ESI, Figure S3 ). At room temperature, the reverse reaction could be achieved in the solid state by exposing 1 to methanol vapor for 16 h which yielded 2 (see ESI, Figure S4 ). ( Figure 3 ). In the range between 123 °C and 178 °C, a mass loss of 7.8% can be attributed to decomposition of the complex due to the loss of methanol, both coordinated and solvated (calc. 6.7%). The second step is the same as for 1 and starts at 185 °C with a weight loss of 37% up to 185 °C. Annealing of 2 at 179 °C for 1 min promoted the formation of a red powder. Its PXRD pattern matched with that of 1 (see ESI, Figure S3 ). At room temperature, the reverse reaction could be achieved in the solid state by exposing 1 to methanol vapor for 16 h which yielded 2 (see ESI, Figure S4 ). 
Structural Analysis
Molecular and crystal structure determination of the obtained single crystals revealed that we obtained solids containing different metal-organic building blocks which formed remarkably different supramolecular architecture in combination with 14tfib ( Figure 4) . Compound 1 is a twocomponent solid, which consists of a neutral Co(II) complex and 14tfib, while 2 is a four-component solid, in which Co(II) complex cations are the charge-balancing counterpart within halogen bond chains formed from Cl − and 14tfib. General and crystallographic data for both compounds are given in Table 1 . 
Molecular and crystal structure determination of the obtained single crystals revealed that we obtained solids containing different metal-organic building blocks which formed remarkably different supramolecular architecture in combination with 14tfib ( Figure 4) . Compound 1 is a two-component solid, which consists of a neutral Co(II) complex and 14tfib, while 2 is a four-component solid, in which Co(II) complex cations are the charge-balancing counterpart within halogen bond chains formed from Cl − and 14tfib. General and crystallographic data for both compounds are given in Table 1 .
Crystals 2017, 7, 363 4 of 11 ( Figure 3 ). In the range between 123 °C and 178 °C, a mass loss of 7.8% can be attributed to decomposition of the complex due to the loss of methanol, both coordinated and solvated (calc. 6.7%). The second step is the same as for 1 and starts at 185 °C with a weight loss of 37% up to 185 °C. Annealing of 2 at 179 °C for 1 min promoted the formation of a red powder. Its PXRD pattern matched with that of 1 (see ESI, Figure S3 ). At room temperature, the reverse reaction could be achieved in the solid state by exposing 1 to methanol vapor for 16 h which yielded 2 (see ESI, Figure S4 ). 
Molecular and crystal structure determination of the obtained single crystals revealed that we obtained solids containing different metal-organic building blocks which formed remarkably different supramolecular architecture in combination with 14tfib ( Figure 4) . Compound 1 is a twocomponent solid, which consists of a neutral Co(II) complex and 14tfib, while 2 is a four-component solid, in which Co(II) complex cations are the charge-balancing counterpart within halogen bond chains formed from Cl − and 14tfib. General and crystallographic data for both compounds are given in Table 1 . The asymmetric unit of 1 contains one molecule of CoCl 2 (phen) 2 and two symmetrically inequivalent halves of 14tfib molecules. The molecular structure of the CoCl 2 (phen) 2 unit is in a good agreement with that of the reported pure complex [23, 24] . The Co(II) atom is coordinated by four N atoms from two phen molecules and two Cl atoms, forming a structure of distorted octahedral geometry with the following geometrical parameters: d Table S1 ). Since the Cl − anion is a superior acceptor for both halogen and hydrogen bonds [48] , the coordinated Cl atom acts only as an acceptor for weak C-H···Cl hydrogen bonds (d(C14···Cl2) = 3.657 Å, d(C20···Cl2) = 3.635 Å). In the crystal structure, each Cl − anion is connected with two 14tfib molecules via the described halogen bonds, with a solvent MeOH molecule and with a cation complex (over the coordinated MeOH molecule) via O-H···Cl − hydrogen bonds (d(O1···Cl1 − ) = 3.029 Å, d(O2···Cl1 − ) = 3.199 Å) and with another cation complex via C-H···Cl − hydrogen bond (d(C8···Cl1 − ) = 3.784 Å) (Table S2 ). Similar replacement of coordinated halide with a hydrogen donating solvent molecule, placing the halide in the second coordination sphere of the cation has already been described in bis(morpholine)diketonate Cu(II) compounds [49] . Formed halogen bonded chains (Figure 5c ) are connected into layers via C-H···Cl, C-H···Cl − and C-H···F interactions. Layers are further connected into a 3D network via C-H···C and C···C contacts (Figure 5d ). The described charge-assisted halogen bond supramolecular motif has been recognized in earlier studies [50] [51] [52] . However, even thoguh halide (Cl − , Br − , I − ) anions are potent halogen bond acceptors, a survey of the CSD based on 14tfib cocrystals with the I···X − motif has resulted in only 26 hits.
Materials and Methods
Synthesis of Complexes
A mixture of 1.876 g (7.88 mmol) CoCl 2 (H 2 O) 6 and 3.125 g (15.76 mmol) phen was partially dissolved in 70.0 mL EtOH and refluxed with stirring for 3 h. The obtained red solid was filtered after one day.
Mechanochemical Synthesis of 1
A mixture of 40.0 mg (0.082 mmol) CoCl 2 (phen) 2 and 32.9 mg (0.082 mmol) 14tfib was placed in a 5 mL stainless steel jar along with 20 µL of water and two stainless steel balls 5 mm in diameter. The mixture was then milled for 60 min in a Retsch MM200 Shaker Mill operating at 25 Hz frequency.
Mechanochemical Synthesis of 2
A mixture of 40.0 mg (0.082 mmol) CoCl 2 (phen) 2 and 32.9 mg (0.082 mmol) 14tfib was placed in a 5 mL stainless steel jar along with 20 µL of methanol and two stainless steel balls 5 mm in diameter. The mixture was then milled for 60 min in a Retsch MM200 Shaker Mill operating at 25 Hz frequency. 
Thermal Analysis
TG measurements were performed on a Mettler-Toledo TGA/SDTA 851 e module (Mettler-Toledo GmbH, Greifensee, Switzerland). Samples were placed in sealed 40 µL aluminum pans with three pinholes and heated from 25 to 500 • C at a rate of 10 • C min −1 under nitrogen flow of 150 mL min −1 . Data collection and analysis were performed using the program package STARe Software v14.00 [53] .
Single Crystal X-ray Diffraction Experiments
The crystal and molecular structures of the prepared samples were determined by single crystal X-ray diffraction. Details of data collection and crystal structure refinement are listed in Table 1 . Thermal ellipsoid plots showing the atom-labelling schemes are given in ESI (Figures S5 and S6) . The diffraction data for 1 and 2 were collected at 295 K. Diffraction measurements were made on an Oxford Diffraction Xcalibur Kappa CCD X-ray diffractometer (Oxford Diffraction, Oxford, UK) with graphite-monochromated MoKα (λ = 0.71073 Å) radiation. The datasets were collected using the ω scan mode over the 2θ range up to 54 • . Programs CrysAlis CCD and CrysAlis RED were employed for data collection, cell refinement, and data reduction [54] . The structures were solved by direct methods and refined using the SHELXS, SHELXT and SHELXL programs, respectively [55, 56] . The structural refinement was performed on F 2 using all data. The hydrogen atoms not involved in hydrogen bonding were placed in calculated positions and treated as riding on their parent atoms [d(C−H) = 0.93 Å and U iso (H) = 1.2 U eq (C)] while the others were located from the electron difference map. All calculations were performed using the WINGX crystallographic suite of programs [57] . The molecular structures of compounds are presented by ORTEP-3 [57] , and their molecular packing projections were prepared by Mercury [58] . 
Powder X-ray Diffraction Experiments
Conclusions
To conclude, we have obtained two novel multi-component halogen bonded solids of Co(II) complexes by both liquid-assisted grinding and the conventional solvent-based method. We report the important role of liquid in directing the mechanochemical synthesis toward the intended solid product. Grinding of CoCl 2 (phen) 2 complex and 14tfib with a small amount of water gives the cocrystal product [CoCl 2 (phen) 2 ](14tfib), in which the dominant supramolecular interactions are I···Cl halogen bonds. Grinding solid reactants with a small amount of methanol gives an ionic structure, the four-component solid, [CoCl(MeOH)(phen) 2 ]Cl(14tfib)(MeOH), in which the dominant supramolecular interactions are I···Cl − charge-assisted halogen as well as hydrogen bonds. To the best of our knowledge, we report the first known cocrystal of neutral CoCl 2 (phen) 2 building block with a I···Cl-M halogen bond motif. The coordinated chlorine can indeed be used as a reliable halogen acceptor in engineering multi-component metal-organic solids. We believe that the use of such metal-organic halogen bond acceptors may offer a general route to metal-organic halogen-bonded cocrystals. We are currently exploring the halogen bonding ability of other MCl 2 L 2 building blocks with octahedrally coordinated Co(II) and Ni(II) metal centers. Figure S5 : Molecular structure of 1 showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level and H atoms are shown as small spheres of arbitrary radius, Figure S6 : Molecular structure of 2 showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level and H atoms are shown as small spheres of arbitrary radius, Table S1 : Geometric parameters for the halogen bonds in 1 and 2, Table S2 : Geometric parameters for the hydrogen bonds in 1 and 2. CCDC 1585631 and 1585632 contain crystallographic data for this paper. These data can be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge, CBZ 1EZ, UK (Fax: +44-1223-336033; email: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
